Contextual versus Absolute Coordination - Step One*

Alessandro Agostini
ITC-1rST Trento

November 20, 2001

Abstract

An agent who is interested in reading [Ago0la] may also be asked for
looking at alternative paradigms of cooperation but “contextual coordination”
of [Ago0la, Sec. 3]. We do it in this paper by introducing some paradigms
of “absolute,” model-theoretic coordination. We argue by using examples
and proofs how these paradigms provide an uniform first-order framework to
eventually investigate coordination problems and scenarios of interest in a
variety of research areas and domains.
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1 Motivations and Results

Coordination systems and theories can be divided into three broad classes: those
based on convention, those based on communication, and those based on learning.
Some example in the first class was given in [ST92b, ST92a], where social laws
[Lew69] are imposed by the system designer (see also [PAM97, ST97]) so that
optimal joint action is assured. In the second class, agents’ coordination is based
on communication (see for instance [Wei93, WJ95]). This second class might be
thought as a special case of the normative class, where the communication lan-
guage is assumed to be the convention. So, what makes this class different is rather
the emphasis it gives to the communicative agents’ skills with regard to agents’
coordination problems. In this class, it does make sense to speak about failure
messages that prevent the agents from coordinating. (see for instance [WJ95] for
some further remarks and references on the influence of speech act theory in com-
munication). In the third class, coordination might be learned through repeated
interaction; see for instance [Bou96, BGS*91, SSH94, Wei93].

Cooperation has been extensively studied, both in game theory and AI, where
fully cooperative problems arise in task distribution as well as within the histor-
ically older sub-area of the multi-agent problem solving. An incomplete list is
[Dur88, Kra97, PAM97, WJ94, WJ99].

*Submitted. “Step Two” in preparation [Ago02]. Electronic correspondence to: agos-
tini@irst.itc.it.




The key feature of coordination and the like dynamics is that these embrance
all the most fundamental characteristics of (strategic) interactions in a large spec-
trum of applications and areas, involving both individual and coalitional decision
making. To model coordination processes, it is required modeling the agents’ abil-
ities, knowledge and beliefs as well as the environment, which is possibly made
unpredictable by the agents behavior itself. This makes coordination and similar
strategic dynamics ideal paradigms for modeling, developing and testing general
techniques and architectures needed in distributed multi-agent systems, as well
as in the emergent area of distributed knowledge management (see for instance
[BBMO0O] and the references cited there).

Regarding theories and techniques, we are convinced that inductive methods
are a very promising approach to handle the learning requirements such complex
systems have to deal with. In contrast to deductive approaches, that usually im-
pose very strong informational assumptions (e.g. rationality, knowledge) at the
individual decision-making level, so that are widely recognized as having serious
deficiencies (see for instance [Bin87, Bin88]), inductive methods seem more appro-
priate, at least in the view of [Car66]: “The observations we make in everyday life
as well as the more systematic observations of science reveal certain repetitions or
regularities in the world...The laws of science are nothing more than statements
expressing these regularities as precisely as possible.” (p. 3)

Learning is thus a central theme of research in understanding coordination
processes, since to coordinate a decision maker has often to discover the strategy,
or sometimes the beliefs adopted by her partner in the process. In this context,
in all our work we focus on developing inductive representations and algorithms
that allow possibly ‘rational’, belief-based decision makers following those repre-
sentations and algorithms to reliably and efficiently coordinate in several, different
strategic situations.

To investigate the fundamental challenges of such complex dynamics, theories
and systems, in this paper we are interested in certain coordination games. We
call these games paradigms. In particular, we focus on coordination paradigms
where the agents always move simultaneously and all relevant moves are made
by the agents—agents’ moving components are functions in mathematical sense;
no randomness ever intervenes. These paradigms are all based on pairwise com-
munication, so that the kind of models we discuss is suitable for modeling group
situations where communication is not with the whole group, as in an auction, but
pairwise, as happens for instance in commercial transactions.

Our framework provides an uniform treatment of coordination, both absolute
and contextual, and allows us to answer some sample problems. We prove the
equivalence of two kind of contextual coordination, where agents are or are not
allowed to input the guesses by an agent solving a problem. Our proof is construc-
tive, in the sense that it provides an uniform map I' from agents to agents such
that for all the agents in one paradigm and for all coordination contexts, the agents
coordinate pairwise in one paradigm iff the transformed-by-I" agents pairwise co-
ordinate in the second paradigm. We also introduce two kinds of “forgiving” and
“blind” agents, and show that every forgiving agent able to always play consis-



tently with his or her beliefs is blind, but that the converse is false, that is, there
there are blind agents who are not forgiving. Our last result (Corollary (26)) says
that the coordination competence (“scope”) of total agents, that is, agents with
a communication capability as a total function in mathematical sense, cannot be
strictly improved.

This paper is structured as follows. Below are some general terminology and
notation that will be used. Contextual coordination of [Ago0la] is summarized
in Section 3, even if the protocol we present in this paper allows the agents to
communicate their “guesses.” (Recall that this was not the case in [Ago0la).)
An example of coordination among sets of “self-centered, learning agent” and
the comparison of contextual coordination with and without explicit guesses (cf.
[Ago0la]) are also advanced. The basic components of “absolute” coordination but
the criterion of coordination success are introduced in Section 4, and completed
in Section 5 with six variants of success criteria. The resulting paradigms are
discussed and compared in detail. Sections 6 and 7 report on the behavior of “basic
agents,” with special reference to two kinds of “forgiving” and “blind” agents, and
the coordination competence thereof. We conclude the paper in Section 8, just
after some related work has been presented.

Remark. Despite we present more than a glimpse on coordination and some
sample results, this article should also be read as an attempt to further address
the work in inductive coordination—say [Ago01lb, AMO1] and the references cited
there, into the rapidly emerging field of Knowledge Management and Discovery;
see for instance [CJLZ99, FPSSU96, FPSS96, BA96, BBM0O).

2 Preliminaries

2.1 Sequences

We denote the set {0,1,2,...} of natural numbers by N. We denote the usual
linearly ordered structure with domain N by w. Let 7 be an infinite sequence.!
For i € N, we write n|; for the proper initial sequence of length ¢ in 7. For every
finite or infinite sequence ¢ of length n > k, kK € N, we let ([k] denote the finite
sequence (Cy --- () and g|¢ denote the sequence obtained from ¢ by deleting its
first k + 1 elements. We write |o| for the length of a finite sequence, and () for
the finite sequence of length zero, Thus, ([k] = (|g+1, and o|¢ =0 if || = 1. We
write o; or also (o); for the ith element of o, 0 < ¢ < ||, and last(c) for the last
element in 0. The set of elements in a (finite, infinite) sequence 7 is denoted by
range(T).

2.2 A First-Order Framework

We write Lfory, to denote a first-order language with equality built up from a
(countable, decidable) vocabulary £ (equality symbol is: =). Language Ljm
contains a countably infinite set Var = {v; |i € N} of variables.The members of

!By “infinite sequence” we shall always mean an w-sequence, or a total function defined on N.



Ljorm are called formulas. To avoid ambiguities, we let formulas contain paren-
theses as auxiliary signs. We write L;e, to denote the set of sentences, that is,
the subset of L, containing no free variables. We write Lpq,. to denote the set
of literals of Lfom. The members of Ly, are called basic formulas.

Our semantic notions are standard. Let S be a structure that interprets L.
Let = denote the model theoretic concept of truth in a structure. Then S is a
model of I" C Ly, and T is said to be satisfiable in S, if there is an assignment
h : Var — dom(S) with § = I'[h]. T is satisfiable if it is satisfiable in some
structure. An assignment h to S is complete if h is a mapping onto dom(.S). The
basic diagram of § under complete assignment A is the subset of L5, made
true in S via h. The class of models of I" is denoted by MOD(T").

2.3 Environments and Contexts

Let SEQ denote the collection of all finite sequences over the set Ly,q. of atomic
formulas on vocabulary £ and their negations. We define an environment to be
any infinite sequence over Lp,sc.. Thus, for all ¢ € SEQ, there is an environment
e such that 0 = e|, with n = |o|. In this technical sense, SEQ then denotes
the collection of all proper initial sequences of any environment. To consider
consistent data-streams, we need to relate them to a structure. We do this in the
next definition.

(1) DEFINITION: Let structure S and complete assignment h to S be given. An
environment e is for S via h just in case range(e) = {8 € Lpasic | S | B[h]}. An
environment e is for S just in case e is an environment for S via some complete
assignment.

In other words, an environment for a structure S via complete assignment h lists
the basic diagram of S under h.

(2) Remark: Many alternative definitions of an “environment” are possible: in-
complete, noisy, imperfect, recursive, sential, multi-agent, etcetera. “Real” envi-
ronments may suffer omissions (incompleteness), erroneous intrusions (noise), or
both omissions and intrusions.

(3) DEFINITION: A context is any subset of Lgep,.-

From now to the end of this paper we denote a context: .

3 Contextual Coordination

A problem which has been left unexplored in [Ago0la] is how an agent’s guesses
in a given context about a problem to solve may influence the agents choices.
That problem was there addressed “as the last remark on cooperation.” In this
paper we present a paradigm of coordination where the agents’ guesses are not
hidden to any other agent concerned. So, we discuss and compare a variant of



m-coordination that provides protocols for explicit guesses. The new paradigm,
however, is equivalent to that of [Ago0la], as we will see in subsection 3.2 below.

3.1 Explicit Guesses

Let 7 be a context. The paradigm of m-coordination by [Ago0la, Sec. 3] concerns
agents whose input’s domain is defined on sequences of basic formulas only; the
sentences in 7 are therefore not in the agents’ input. As a consequence, if a learning
agent wants to communicate his guesses to an agent, he must use an indirect
communication “protocol”. For example, the agent could use a coded message by
Godel numbering together with the following strategy: at each even stage of the
interaction sequence, guess “v, = v,” by the external ability and sentence 6 by
the internal ability, where n is the Godel number of 8; at each odd stage of the
interaction sequence, act and guess as context situation requires.? By following
this strategy, in this section we show that an agent who communicates his guesses
to the opponent at each step of the interaction sequence may be simulated by a
learning agent that does not manage explicit guesses. On the other hand, it is
quite clear that any agent who “hides” his guesses—this is the case of learning
agents, may be simulated by an agent that always shows his own guesses. This
can be done simply by requiring the agent to ignore in input the guesses of the
opponent. It follows that the two paradigms with and without explicit guesses are
equivalent. However, the paradigm with no explicit guess is essentially simpler,
so that our choice of a paradigm of coordination without explicit guesses as more
fundamental is justified in this way.

In the rest of this section we prepare ourself to state the equivalence of the
paradigms with and without explicit guesses formally. We begin with the next
definition.

(4) DEFINITION: Let SEN denote the collection of all the finite sequences over
Lsen- A learning agent with explicit guess is a pair (¥, A), where ¥ is any
mapping from SEQ X SEN to Lpgsic X Lsen, and A is a nonempty (countable) class
of structures.

Note that for fixed 7 € SEN, (Ao.¥(0,7),A) is a learning agent. Similarly to
learning agents in [Ago0la], of the two components of any learning agent with
explicit guess, the first is called communication function, or “ability,” while
the second component is called background world. We say that (¥, A) (or also
U) is based on A, V¥ is of (¥, A), and (V,A) has . If U is total on some
I C SEQ x SEN, we say that V¥ is a strategy in I. We say that VU is a strategy if
¥ is a strategy in SEQ x SEN. We write Ay for A and ¥ for ¥ (or also (¥, A))
just in case ¥ is based on A. We write A" for the class of all learning agents with
explicit guess.

Let learning agents (¥, A), (®,B) with explicit guess be given. The interac-

2For background on arithmetization and Gddel numbers for an arbitrary first-order theory see
for instance [Men87, Ch. 3].



tion sequence of (¥, A) and (®,B) is the infinite sequence
D“%’q) = (<EZ,61> NS N),

where U; is the ith move of U and ®; is the ith move of ®, defined by induction
as follows.

1. ?00 = (‘I’(@,@))o and ?10 = (‘I!(q)’(b))la
Do = ((I)(@,@))O and @19 = ((I'((ba(b))l
ii. §0n+1 = (@(60[“],61 [n]))o and ﬁ1n—|—1 = (\11(60[’)’1,],61[71]))1,

Bon+1 = (2(Po[n], ¥1[n]))o and B1nt1 = ((To[n], T1[n]))1.

Let k € N be given. The interaction sequence of (¥, A) and ($,B) starting
at k is the infinite sequence

*D§ o = ((#¥;,£|®;) : i € N),

where |, is the ith move of U after k and ,|®, is the ith move of ® after k.
The response sequence

R(U,®) = (T; : i € N)

is the (finite or infinite) sequence of moves by learning agent with explicit guess
and ability ¥ in response to learning agent with explicit guess and ability ®. The
response sequence R(®,¥) =(®; : i € N) is the same sequence with the roles
of ¥ and ¥ reversed.

Now we are ready to define coordination “success” among learning agents with
explicit guess. The next definition thus extends Definition (4) of [Ago0la] to the
present framework.

(5) DEFINITION: Let m C Ly, and learning agents (¥, A), (®,B) with explicit
guess be given. We say that (U, A) m-coordinates with (®,B) by explicit
guesses (written: ¥ =_¢ ®) just in case for some s,t € N, there is § € « such
that:

a) s|¥g is an environment for some A € A;

¢) for all but finitely many n € N, (5|¥1)n = (¢|®1)n = 6;

(a)
(b) ¢|®p is an environment for some B € B
(¢)
(d) A=0and B 6.

A paradigm of m-coordination and explicit guesses is a model coordina-
tion where “agents” are learning agents with explicit guess, “dynamics” are inter-
action sequences as defined above, and “coordination success” is that of Definition
(5).

Follows an example of w9-coordination. The example concerns a special set
of “self-centered learning agent” with explicit guess. We rely on the following
definition, to state which some further terminology is needed.



(6) DEFINITION: Let o € SEQ, ¢’ € SEN and learning agent with explicit guess
(¥, A) be given. We define the communication sequence (¥(a,0'))o € SEQ by

induction on the length of o and o' as follows. (U(0,0))o = (¥(0,0))o. Suppose
that (U(7, 7))o is defined for 7 € SEQ and n € SEN. Given 8 € Lpgsic and 0 € Lien,

define (U (78,70))0 = (U(7,n))0 (¥(78,1n0))o.

Note that when (¥ (o, 0’))g is defined, |(¥(a,0'))o| > 0.

Let SEQg = {(¥(0,0"))o |0 € SEQ, 0’ € Len} denote the collection of all the
finite sequences produced on any input by a learning agent with explicit guess and
ability W. Then:

(7) DEFINITION: Let m C Lgen be given. We say that learning agent with explicit
guess (U, A) is sel f"-centered just in case for all strategies @ in SEQy, there
are A € A and 6 € 7 such that:

(a) R(¥g,®) is an environment for A;
(b) for all but finitely many n € N, (R(¥1,®)), = 6;

(c) A=0.

In other words, a sel f "-centered learning agent with explicit guess enumerates with
any other learning agents an environment for some structure S in the background
world the agent is based on, and guesses with the same agent a sentence true in S.

(8) PROPOSITION: [Ago01b] Let m C Lge,. For every nonempty set % of sel f7-
centered learning agents with explicit guess, there is a learning agent with explicit
guess who w9-coordinates with each member of 3.

Proof: We follow [AMO1]. Let ¥ be a nonempty set of sel f™-centered learning
agents with explicit guess. We define a learning agent (¥, A) with explicit guess
such that:

(a) A is the set of structures S such that there are (®,B), (®',B’) € ¥ and
0 € m with S = 0 such that R(®(,®') is an environment for S and for all
n € N, (R(®1,®')),, = 0. Observe that A is nonempty.

(b) ¥(0,0) = (vo=vp,0), for some ' € 7 such that A = 6" with A € A. For
all o € SEQ and all ¢’ € SEN with || = |d’|, if |o| > 0 then ¥(o,0') =

!
<0’|U|_1,0'|0_|_1>.

[Thus, when playing with learning agents (®,B) € ¥, ¥ starts by moving “safe”
and then copies ®’s last move one step later.] It follows that

R(‘Ifo, (I)) =9 = UOAR((P(), \If)

and
R(¥1, @) = Vg (vo = vo)” R(®1, ¥).

Since (®,B) is selfT-centered, R(¥y,®) is an environment for some structure
A € A and there is § € 7 such that for all n € N, (R(¥y,®)), = 0 with A |= 6.



From the definition of ¥ it follows that A € A. So, it is easy to verify that (¥, A)
m9-coordinates with (¢ ,B). B

3.2 Comparison

We now wish to compare contextual coordination with and without explicit guesses,
the latter being defined in [Ago0la]. The folowing definition is useful.

(9) DEFINITION: Let m C Ly, and nonempty classes A and B of structures be
given. We say that A w9-matches B just in case there are learning agents with
explicit guess (U, A) and (®,B) such that (¥, A) m9-coordinates with (®,B).

We then write “m9 ~ 7”7 just in case for whatever vocabulary £ and for all
nonempty classes A, B of L-structures, if A 79-matches B then A w-matches B.
Let =~ and < be the symmetric and asymmetric components of ~ respectively.

The next proposition gives the exact sense by which a learning agent with
explicit guess can be simulated by a learning agent (with no explicit guess), and
vice versa.

Let A! denote the class of all learning agents. (Recall that AY is the class of
learning agents with explicit guess. )

(10) ProPOSITION: [AMO1, Ago01b] Learning agents with explicit guess can be
simulated by learning agents (without explicit guess) and vice versa in the following
sense.

(a) There is an uniform map I' from A% to A! such that for all learning agents
with explicit guess (U, A), (®,B) and for all 7 C Lyepn, (¥, A) m9-coordinates
with (& ,B) iff I'((¥, A)) m-coordinates with I'((® , B)).

(b)  There is an uniform map I from A! to AY such that for all learning agents
(I,A), (¢,B) and for all 1 C Lep, (¥, A) m-coordinates with (®,B) iff
I'((¥,A)) m9-coordinates with IV((®, B)).

Proof: We prove (a). Let 0 € SEQ, i € NT, and learning agents with explicit
guess (U, A) and (®,B) be given. We define ¥'(0) € Lpgsic X Lsen from ¥ and
&' (0) € Lpasic X Lsen from @ as follows.

(a) ¥'(0) = T(0,0).

(b) If |o| = 2i, let for j = 0,1,...,5 — 1 6; € Lsen be such that [6;] = n [i.e.
the Godel number of ;] if o9; = (v, = vy,), and let 6; be any L-sentence
otherwise. Then (\I»‘,(O'))o = (\Il(<0'103 T 0’21'_3>, <90 T 92'_1>))0.

(¢) If |o| =2i + 1 then
(T'(0)1 = (¥({o103 ++ 02-1), (0 +* 0:))1-

(d) If 09; # (v = vy,) for all n € N, U'(0) is arbitrary.

In similar way we define ®'. It follows from the definitions of ¥’ and @' that
(R(Zo, ®))i = (R(¥g, ®'))2; and that (R(¥1,®))i = (R(¥], 2'))2i1.



Define T'((¥,A)) = (¥',A) and T'((®,B)) = (®',B). Hence (¥V,A) 79-
coordinates with (®,B) iff I'((¥', A)) m-coordinates with I'((®, B)).

We prove (b). Let learning agents (without explicit guess) (¥, A) and (®,B)
be given. For all 0 € SEQ and all o' € SEN, we define ¥'(0,0’) = ¥(o) and
®'(0,0') = ®(0). [Thus ¥’ and @' ignore the explicit guess and act as ¥ and 9,
respectively.] Let TV((¥, A)) = (¥', A) and IV((®,B)) = (®',B). Clearly (¥, A)
m-coordinates with (®,B) iff I'((¥, A)) 79-coordinates with IV((® ,B)). &

Before returning to technical issues, we indulge in a general remark on co-
ordination. The paradigms of contextual coordination (with or without explicit
guesses) are designed to examine the logic of long-term interaction. They capture
the idea that an agent will take into account the effect of his or her current be-
havior on the other agent’s future behavior, and aim to explain phenomena like
cooperation and threats.

4 Absolute Coordination

Recall that in this paper we restrict attention to dynamics based on simultane-
ous moves, that is, the agents make decisions at the same time, and to pairwise
interaction, that is, interactions involve only two agents at time. Simultaneous
moves and pairwise interaction are common features of contextual and absolute
coordination.

4.1 Components

The basic components of “absolute” coordination but the criterion of coordination
success are now to be introduced in detail.

4.1.1 Agents.

An agent in an absolute coordination paradigm, or basic agent, is a pair (¥, A),
where ¥ is any mapping of SEQ into Lpgs., and A is a nonempty class of (count-
able) structures. Intuitively, faced with o € SEQ, a basic agent (¥, A) believes
action ¥(o). Since class A is interpreted as to represent the agent’s “preferences
and beliefs,” ¥ (o) is expected to be true in some structure in A.3 For basic agent
(U, A), the first component ¥ is called communication function or “ability”.
The second component A is called background world. We say that (¥, A) (or
also ¥) is based on A, VU is of (U, A), and (¥, A) has ¥. We write Ay for A
and ¥ for ¥ (or also (¥, A)) just in case ¥ is based on A. We refer to £ as
the agent’s vocabulary, and to Lpgsic as the agent’s language. We write A® for the
class of all basic agents and A®(A) for the class of all basic agents based on A.

3This is not a strict requirement, however, but the underlying intuition should help the reader
in understanding the criterion of success of any slow-full coordination paradigm. By the same
interpretation, we require A to be nonempty, so that agents are assumed to believe something.



4.1.2 Dynamics.
We consider formally the interaction, or “protocol,” between two basic agents.
(11) DEFINITION: Let basic agents (¥, A) and (®,B) be given.

(a) The interaction sequence (or “play”) of (¥, A) and (®,B) is the infinite
sequence
D\p,q) = (<\Ifi,¢)i) 11 € N),

where ¥; is the ith move of ¥ and ®; is the ith move of ®, defined by
induction as follows.

ii. Tpyy = U(B[n]) and Bpyy = 3(T[n)).

(b) Let k € N be given. The interaction sequence of (¥,A) and (®,B)
starting at k is the infinite sequence

¥Dyo = ((£|¥;,k|®;) : i € N),

where |¥, is the ith element in x|¥ and ;|®, is the ith element in 4|®.

We then say that k‘ﬁi is the ith move of ¥ starting at & and k@i is the ith move
of ® starting at k. Observe that Dy ¢ = (¥g, P >0D\I/’q).

(12) Remark: The definition of interaction sequence ¥ Dy ¢ depends only on the
agents’ abilities ¥ and @®; no background worlds are involved. We shall see later
in this section that basic agents’ background worlds are relevant to determine the
criterion of coordination success.

The response sequence

R(U,®) = (T; : i € N)

is the (finite or infinite) sequence of moves by basic agent ¥ in response to basic
agent @, and the response sequence

R(®,0) = (3; : i € N)

is the sequence of moves by @ in response to ¥. Again, notice that R(U,®) is
finite if and only if at any interaction step i € N, ¥(¥|;) or ¥(®|;) is undefined.
If this is the case, it is immediate to verify that R(®,¥) is finite also. Consis-
tently with the notation adopted on infinite sequences within the 01-coordination
paradigm, x| R(¥, ®)|,, denotes the finite initial sequence in | R(¥, ®) of length n,
and | R(¥,®),,, or also (x| R(V, ®)),, denotes the nth element of ;| R(¥, ®). Thus,
k|R(\IJ7 (I))|n+1 = k|R(\II’ (I')|n\IJn and R(\IJ’ (I’) = \IIOA0|R(\117 (I))

Agents and dynamics combine well in the following definition, that will also be
useful elsewhere.

10



(13) DEFINITION: Let m C Ly, be given. We say that basic agent (U, A) is
sel fT-centered just in case for every ® : SEQ — Lpgsic, there is A € A such
that R(¥,®) is an environment for A.

In other words, a sel f™-centered basic agent enumerates with some other basic
agent an environment for some structure in the background world the agent is
based on.

5 Some Alternative Paradigms

Even if restricting the study of coordination to a first-order setting—as we do,
the variety of interesting paradigms is clearly huge. An argument supporting our
choices below is that “binary coordination” [MO99] may be embedded as special
cases in our setting. In short, binary coordination is a pairwise, limiting process,
where each of two agents chooses his or her actions among two possible choices,
conventionally denoted by 0, 1. In particular, the agents’ “beliefs, preferences, and
intentions” are not captured by Montagna and Osherson’s model. (We refer the
interested reader to [AdJMO01, Ago01b] for further discussion.)

In what follows, we describe a glimpse of the vast array of paradigms of coordi-
nation that can be defined. Our presentation proceeds by modifying the interpre-
tation of “success.” We do this in the next subsection. Successively, we compare
and discuss the criteria of success proposed.

5.1 Six Criteria of Success

We distinguish six variants of coordination success criteria. Each stipulates the
conditions under which two basic agents can be said to coordinate. All our variants
are based on the fundamental use of the agents’ background world or “preferences
and beliefs set.” In what follows, w, [, f and s may be read as “weak,” “local,”
“full,” “slow,” respectively.

One of our more liberal variants relies on the following generalization of Defini-
tion (1). (Recall that if A and B are L-structures with dom(.A) C dom(B) and the
inclusion map ¢ : dom(A) — dom(B) is an embedding, then B is said to be an
extension of A, or also that A is a substructure of B; see for instance [Hod97]
for background.)

(14) DEFINITION: Let structure S be given. An environment e is partial for S
just in case there are a substructure 7 of S and complete assignment h to 7 such

that range(e) = {8 € Lypasic | T E B[h]}-

Thus, a partial environment for S is an environment for S in the special case
S = 7. Also note that a partial environment for S is an environment for some 7.

(15) DEFINITION: Let basic agents (U, A) and (®,B) be given. We say that:

11



(a) (¥,A) sf°-coordinates with (®,B) just in case for some s,t € N, ,|¥
is an environment for some A € A, ;|® is an environment for some B € B,
and for all n € N, ,|¥/|, is satisfiable in B and ¢|®|, is satisfiable in A.

(b) (¥,A) f-coordinates with (®,B) just in case ¥ is an environment for
some A € A, ® is an environment for some B € B, and for alln € N, ¥/,
is satisfiable in B and ®|, is satisfiable in A.

(¢) (¥,A)lf-coordinates with (®,B) just in case ¥ and ® are environments
for some structure S, and for all n € N, ¥/|, is satisfiable in some A € A
and 9|, is satisfiable in some B € B.

(d) (¥,A) ls-coordinates with (®,B) just in case for some s,t € N, (|¥
and ;|® are environments for some structure S, and for all n € N, 4|, is
satisfiable in some A € A and ;|®|, is satisfiable in some B € B.

(e) (¥,A) Is°-coordinates with (® B) just in case for some s,t € N, (|¥
and 4|® are environments for some structure S, and for some A € A and
some B € B, ;|¥|, is satisfiable in A and ;|®|, is satisfiable in B for all
n € N.

(f) (¥,A) w-coordinates with (®,B) just in case for some s, € N, 4T is a
partial environment for some A € A, ;|® is a partial environment for some
B € B, and for all n € N, ,|¥|, is satisfiable in B and ;|®|,, is satisfiable in
A.

Note that structures A, B in clauses (¢) and (d) depend on n, while A, B do not
depend on 7 in all other cases. Moreover, the environments mentioned in clauses
(¢), (d) and (e) are for the same structure S, although each of such environments
can be for S via a different complete assignment. In the cases (c¢), (d) and (e) of
the definition, we also say that (U, A) and (®,B) If- (I s-, [ s°-) coordinate on S.
We sometimes write [f(S)— (I s(S)—, [s°(S)—) in place of I f- (I s-, [ s°-).

Let X be any of the prefixes:

(16) sf° f If ls 1s° w.

We then write ¥ = x @ to shorten “(¥,A) X-coordinates with (& ,B).”
Observe:

(17) LEMMA: For all basic agents (¥, A), ($,B),
(a) if (U, A) is weakly self-centered and total, then ¥ = x U;
(b) if ¥ = x ® then ® =x V.

However X-coordination is not transitive, as is easy to verify by using classes of
structures as in Example 7?7, so that =x is not an equivalence relation.

5.2 Comments on Criteria

It may be helpful to reflect on the differences between the criteria just introduced.*

“Most comments in this subsection are dealt systematically in [Ago01b, Sec. 2.5.1].
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“Full” coordination (clause (b)) is a criterion of success that models situa-
tions where the agents must agree to coordinate from the very beginning up to
the limit of the process of coordination. In this sense, one might also say that
f-coordination is a “failure-free” criterion of coordination. The f-coordination
resulting paradigm separates from the paradigm of sf°-coordination, in the sense
that neither does success in the former imply success in the latter nor vice versa.
Now, that sf°-coordination is a less stringent requirement of coordination is clear
from the definition; think s # ¢ # 0 in clause (a). On the other hand, suppose
that basic agent (U, A) f-coordinates with basic agent (®,B). Then ¥ enumer-
ates in the limit an environment e = R(¥, ®) for some structure S. Suppose that
eo € Lipasic 18 neither logically valid nor produced by ¥ further on. Then, from the
definition of ;|- with s be any s € N, 4|V is not an environment for S, even if s = 0.
(s|¥ is indeed a partial environment for S.) Hence (¥, A) does not s f°-coordinate
with (®,B). Similar remarks apply between “local” criteria of clauses (c) and (d).
Thus, “local-slow” coordination separates from “local-full” coordination by allow-
ing communication failures: basic agents are not forced to choose their structure
at the beginning of the coordination process. In other words, agents are allowed
to start the game again from the beginning, although to reach coordination this
should occur only finitely often.

“Local” coordination of clauses (¢)—(e) is more liberal than the two previous
(non-local) criteria only in the sense that there are agents based on fixed classes
of structures that coordinate “locally” but such that no agents based on the same
classes coordinate in a non-local manner. If success by local coordination is com-
pared to success by non-local coordination for the same basic agents, however,
then local coordination separates from non-local coordination, in the sense that
neither does success in the former imply success in the latter nor vice versa. By
local coordination, in fact, basic agents must completely describe the same struc-
ture. Since by standard results finite satisfiability does not imply full satisfiability,
two basic agents who coordinate non-locally do not necessarily coordinate locally.
On the other hand, there are examples of basic agents who coordinate locally but
who do not coordinate non-locally. By restricting attention to the most natu-
ral ‘circled paradigms’, we may see that [ s°-coordination does not always imply
sf°-coordination.

Note that the information on the background world that each basic agent gives
to the other basic agent in any local coordination process, that is, the link between
the common structure the basic agents end up with in the limit and the agents’
own knowledge, is insured by adding the request for each basic agent’s output to be
finitely consistent with some world in his or her own background world. We can
interpret the resulting paradigms as modeling events where a priori agreement
is made explicit between the agents. The agreement is represented within the
paradigms by the structure the agents eventually coordinate on. This structure
thus represents in our framework what is usually referred to as common knowledge.
Similar remarks apply to clauses (b) and (c¢).

Clearly, every pair of basic agents [ s-coordinate if [ s°-coordinate. However,
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“Jocal slow-full circled” coordination is a less liberal paradigm.? To [ s°~coordinate,
each basic agent has to stabilize to a suitable description of a structure in his or
her background world. Each description, moreover, must be consistent with some
common structure, which is interpreted as a piece common knowledge (or beliefs)
between the two agents. In contrast, to [ s-coordinate, each basic agent eventually
enumerates the basic diagram of some common structure, but the range of such
enumeration is decomposed into finite sets satisfiable in different structures at
time of the agent’s background world. Thus, [ s°-coordination is a strictly stronger
requirement.

“Weak” coordination (clause (f)) arises if sf°-coordination does. This follows
from the definition. The criterion is “weak” in the sense that the information that
a basic agent communicates to the other basic agent on the structure (beliefs) he is
referring to at the time of action is possibly incomplete. Clearly, sf°-coordination
is a strictly stronger criterion than w-coordination, since there are pairs of agents
that w-coordinate but that do not sf°-coordinate.

6 Forgiving and Blind Agents

We now wish to investigate two special classes of basic agents so as to provide
further insight into X-coordination. In particular, we consider a class of “forgiving”
basic agents, who overlook finite parts of information given by their opponents and
still coordinate with them. We also consider a class of “blind” basic agents who
pay no attention to their opponents’ actions and beliefs. We compare these agents
and show in turn that every forgiving “self-agent” is blind, but the converse is
false. That is, there is a blind, self-centered agent who is not forgiving.
The following two technical definitions will be useful.

(18) DEFINITION: Let ®,®" : SEQ — Lypqsic be given. We say that @ is a finite
variant of @' just in case for all but finitely many o € SEQ, ®(c) = ®'(0).

So, two agents having ability ® and @', respectively, are agents whose actions differ
on a finite number of data-stream.
The classes of “forgiving” and “blind” that concern us are defined as follows.

(19) DEFINITION: Let X be any of the prefixes in (16). Let basic agent (¥, A)
be given.

(a) (¥,A)is X-forgiving just in case for all basic agents (®,B), (&', B) such
that @ is a finite variant of ®, (¥, A) X-coordinates with (® ,B) iff (I, A)
X-coordinates with (&', B).

(b) (¥,A) is blind just in case for all total basic agents (®,B), (®',B’),
R(¥,®) = R(T, D).

5We used a circle in the prefix name to emphasize by a geometric form how [ s°-coordination
differs from the ! s-coordination. In fact, the use of the structures in each basic agent’s background

worlds is limited, or “circumscribed,” to the structures whose basic diagram is can enumerated
by the agents.
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Equivalently, (¥, A) is blind just in case for all o,7 € SEQ with |o| = |7|,
U(o) = ¥(7). We have:

(20) ProPOSITION: [AMO1, Ago01b] Every X-forgiving self-centered basic agent
is blind.

Proof: By contraposition, suppose basic agent (¥, A) is not blind and self-centered.
Then there are o,0’ € SEQ such that |o| = |¢'| and ¥ (o) # ¥(o'). We will show
that (¥, A) is not X-forgiving by exhibiting a basic agent (®,B) and an ability
® : SEQ — Lypgsic such that:

(a) (¥,A) X-coordinates with (& ,B);
(b) (¥, A) does not X-coordinate with (@', B).

Let define B = A and let ® be defined as follows. We say that (®,B) (or also )
starts with o just in case for all 7 € SEQ with |7| < |o|, ¥(7) = (U)\a\'

(a) @ starts with o3
(b) for all 7 € SEQ with |7| = |0, ®(7) = (vo = v9);
(¢) forall 7 € SEQ with |7| > |o],

if Tlg| = U(o) then &(1) = ‘I’(T||T‘_‘J‘);

(d) for all 7 € SEQ with |7| > |0/,
ifT‘O" # U(o) then ®(7) = = (vg = vg).

[In words, ® starts with o; then, if there is no previous move by any opponent basic
agent to look at, ® moves “safe”. Otherwise, if an opponent basic agent “agrees”
with basic agent (U, A) on o, then ® starts copying the opponent’s moves from
the first one. If the opponent basic agent “disagrees” with (¥, A) on o, then
® breaks off coordinating and starts producing inconsistent information.] Since
(U, A) is self-centered, ¥ enumerates with ® an environment for some A € A
via some complete assignment h. On the other hand, ® starts with ¢ and then
copies U’s moves starting from the first of ¥’s moves. Then ¢ enumerates with ¥
an environment for A via h, possibly after a finite number of errors equal to the
number of elements in ¢ that are not true in A via h. Observe that A € B, since
B = A. Tt follows that (I, A) X-coordinates with (®,B).
Now define ® such that:

(a)  @'(0) = op;

(b) forallT € SEQwith |7|=%>0,if |7]| < |o'| —1and 7 = ¥(o'|;_1), then
Q'(1) = 0713

(¢) for all other 7 € SEQ, ®'(1) = ®(7).

[In other words, ® starts with ¢’ if the first |o’| — 1 moves by the opponent equal

(¥, A)’s moves. Otherwise, ' moves as ®.] Observe that ® is a finite variant of

®'. We claim that (¥, A) does not X-coordinate with (®',B). To see this, observe
that ® starts with o, since (®',B)’s opponent is (¥, A) [so last condition (b)
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above applies]. From the definition of @' it follows that for all 7 € SEQ with
7] > |o]|, ®'(7) = ®(7). Thus as soon as (o) # ¥(a’) ' outputs — (vg = vg)
forever after. Since ¥(o) # ¥(o') by non-blindness, it follows that (¥, A) and
(®',B) cannot X-coordinate. W

The converse of Proposition (20) is false. Indeed:

(21) ProrosITION: [AMO1, Ago01b] There is a blind self-centered basic agent
who is not X-forgiving.

Proof: Let basic agent (¥ 4, A) with A € A be blind and such that ¥ 4 enumerates
with any basic agent an environment e for A via some complete assignment b and
in such a way that every basic formula true in A via h occurs exactly once in e.
Observe that (¥ 4,A) is self-centered. Let e’ denote an environment such that
range(e') = range(e). We define basic agents (®,B), (®',B) as follows.

(a) B=A.
(b) For all 0 € SEQ, ®(0) = e’|a|.

[Thus ® enumerates e€'.]
(¢) For all 0 € SEQ, ®'(0) = 0|e’|0|.

[Thus ' enumerates environment e’ but the first element.]

Observe that @ is a finite variant of ®'. From (a) and (b) it follows that (¥ 4, A)
X-coordinates with (& ,B). On the other hand, from (a) and (c¢) it follows that
(¥4,A) does not X-coordinate with (®,B), since g|e’ is not an environment for

A 1

7 Competence of Basic Agents

A general question to ask on any paradigm of coordination concerns the existence
of classes ¥ of agents such that the coordination competence of each agent in a
class cannot be strictly improved. In this section, we exhibit a class of total, self-
centered basic agents that has the required property for X-coordination. More
precisely, we show that the X-coordination competence of any total, self-centered
basic agent cannot be improved by any total basic agent with the same background
knowledge.

We rely on the following sense of “coordination competence.” (Recall that X
is any of the prefixes in (16).5)

(22) DEFINITION: The X-coordination competence of a basic agent (¥, A) is
the set
X-scope(¥p) = {(®,B) € A®| T =x }.

5The results below apply to a wider class of paradigms of coordination. Some paradigms that
are not described in this paper can be found in [Ago01b].
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(23) DEFINITION: Basic agents (U, A), (P, A) are distinct just in case ¥(o) #
® (o) for some o € SEQ.

(24) ProprosITION: For all distinct, self-centered basic agents (¥, A), (¥’ A),
there is a basic agent such that (¥, A) X-coordinates with and that (¥’ A) does
not.

Proof: Let self-centered basic agents (¥, A) and (¥’, A) be distinct. Then there
is 0 € SEQ such that ¥ (o) # ¥'(0).

(25) Define ability ® : SEQ — Lypgsic such that:

(a) @ starts with o;

(b) for all 7 € SEQ with |7| = |o|, (1) = (vo = p);

(¢) forall 7 € SEQ with |7| > |o], if Tlg| = U(o) then &(7) = \IJ(T\lT‘_lo_l);
(d) for all 7 € SEQ with |7] > |o|, if T\ g| # (o) then ®(7) = - (vo = vy).

[In other words, ® starts with o; then, if there is no previous move by any
opponent basic agent to look at, ® moves “safe”. Otherwise, if an opponent basic
agent “agrees” with basic agent (¥, A) on o, then ® starts copying the opponent’s
moves from the first one. If the opponent basic agent “disagrees” with (¥, A) on
o, then @ breaks off coordination and starts producing inconsistent information.]
We claim that:

(a) (¥,A) X-coordinates with (&, A).
(b) (¥',A) does not X-coordinate with (®,A).

Proof of claim (a): Since (¥, A) is self-centered, ¥ enumerates with ¢ an envi-
ronment for some A4 € A via some complete assignment hA. On the other hand, ®
starts with o and then copies ¥’s moves starting from the first of ¥’s moves. Then
® enumerates with ¥ an environment for A via h, possibly after a finite number
of errors equal to the number of elements in o that are not true in A via h. It
follows that (¥, A) X-coordinates with (®,A). 1

Proof of claim (b): Consider the interaction sequence of (¥’ , A) and (®,A).
Since ® starts with o, at stage |7| = |o| + 1 of the interaction sequence Tio| =

I7]-1 = U'(o). Since ¥'(c) # ¥(0), from (25)(d) it follows that for all 7 € SEQ
with |7| > |o], ®(7) = = (vo= vg). Then (¥,A) does not X-coordinate with
(@',A). B

T

(26) COROLLARY: Let (U, A) be any total self-centered basic agent. Then there
is no total basic agent (', A) such that X-scope(¥ ) C X-scope(¥'a).

Proof: Suppose for a contradiction that distinct, self-centered basic agents (¥, A)
and (¥’ A) are such that X-scope(¥ ) C X-scope(¥'a). By the definition of X-
coordination competence, it follows that for all basic agents (®,A), if (I, A) X-
coordinates with (®, A) then (¥’ A) X-coordinates with (®, A). By Proposition
(24), contradiction. W
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That is, the competence of a total, self-centered basic agent cannot be strictly
improved.

8 Related Work and Conclusion

A preliminary discussion of absolute coordination is presented in [Ago00]. Local
coordination paradigms od Section 5.1 involve common knowledge; see for instance
[Gea94, Bar88, FHMV95] and [MS97]. In particular, it is not excluded though far
from proved that [ s°-coordination can be used to model situations of collective
choices so as to generalize [OSW87]. The criterion of sf°-coordination of Defi-
nition (15) is a special version of the criterion discussed in [AdJMed, AdJMO1].
In particular, the two versions are equivalent if we assume s = ¢ in Definition
(15)(a). Many ideas of Sections 6 and 7 are a re-formulation of ideas that appear
in [MO99, Sec. 3.1, Sec.5]. More precisely, compare Definition (19) of blind and
forgiving basic agents with [MO99, Def. (22)]. Proposition (20) is an extension to
X-coordination of Montagna and Osherson’s Prop. (25); our Proposition (21) is
their Prop. (23) and Proposition (24) extends Prop. (15).

In summary, in this paper we presented a formal framework suitable to in-
vestigate pairwise coordination over sets of agents. Both absolute and contextual
coordination may be studied therein. As the results of this paper, we answered a
number of sample problems.

Many other problems than those considered in this paper may be investigated in
deep by modifying components like “agent,” “dynamics,” and “succes” according
to the kind of coordination one is interested in. Problems of meaning negotiation
and matching, composability, and semantic interoperability are some examples
we are interested in related to the problem of coordination, that we naturally
addressed in this paper. We leave them open for future work.

As the ideas and techniques become better developed, we expect that general
principles will emerge from theory development that can be used in other research
areas, for example distributed knowledge management and teamwork.

References

[AdJMO1] A. Agostini, D. de Jongh, and F. Montagna. Coordination: A model-
theoretic perspective. Technical Report 0109-08, ITC-irst, Trento,
Ttaly, September 2001.

[AdJMed] A. Agostini, D. de Jongh, and F. Montagna. Coordination: A model-
theoretic perspective. Synthese, submitted.

[Ago00] A. Agostini. Notes on formalizing coordination. In E. Lamma and
P. Mello, editors, AT*IA 99: Advanced in Artificial Intelligence, pages
285-296. Springer-Verlag LNAT 1792, 2000.

[Ago0la]  A. Agostini. On two families of paradigms of group-solvability. Tech-
nical Report 0112-11, ITC-irst, Trento, Italy, December 2001.

18



[Ago01b]

[Ago02]

[AMO1]

[BA96]

[Bar88]

[BBM00]

[BGS*91]

[Bin87]

[Bin88]

[Bou96]

[Car66]

[CILZ99]

A. Agostini. Paradigms of Coordination and Solvability. PhD thesis,
Universita di Siena, March 2001. Electronically available at
http://sra.itc.it/people/agostini/iphdt/idx.html.

A. Agostini. Contextual versus absolute coordination - Step Two. In
preparation, 2002.

A. Agostini and F. Montagna. Coordination and co-
operation in the limit. Electronically available at
http://sra.itc.it/people/agostini/earchive.html, October
2001.

R. J. Brachman and T. Anand. The process of knowledge discov-
ery in databases: A human-centered approach. In U. M. Fayyad,
G. Piatetsky-Shapiro, P. Smyth, and R. Uthurusamy, editors, Ad-
vances in Knowledge Discovery and Data Mining, pages 37-57, Menlo
Park, CA, 1996. AAATI Press/The MIT Press.

J. Barwise. Three views of Common Knowledge. In M. Vardi, editor,
Proceedings of the Second Conference on Theoretical Aspects of Rea-
soning about Knowledge, pages 365-379, San Francisco, 1988. Morgan
Kaufmann Publishers.

M. Bonifacio, P. Bouquet, and A. Manzardo. A distributed intelligence
paradigm for knowledge management. In S. Staab, editor, Bringing
Knowledge to Business Processes - AAAI Spring Symposium Series
2000. AAAT Press, 2000.

P. Brazdil, M. Gams, S. Sian, L. Torgo, and W. van de Velde. Learning
in distributed systems and multi-agent environments. In Y. Kodratoff,
editor, Machine Learning - Furopean Working Session on Learning,
pages 412-423. Springer-Verlag LNAT 482, 1991.

K. Binmore. Modelling rational players - Part I. Economics and Phi-
losophy, 3:179-214, 1987.

K. Binmore. Modelling rational players - Part II. FEconomics and
Philosophy, 4:9-55, 1988.

C. Boutilier. Planning, learning and coordination in multiagent deci-
sion processes. In Yoav Shoham, editor, Proceedings of the Sizth Con-
ference on Theoretical Aspects of Rationality and Knowledge (TARK-
96), pages 195-210, San Francisco, CA, 1996. Morgan Kaufmann.

R. Carnap. Philosophical Foundations of Physics. Basic Books, New
York, NY, 1966.

J. Case, S. Jain, S. Lange, and T. Zeugmann. Incremental concept
learning for bounded data mining. Information and Computation,
152(1):74-110, 1999.

19



[Durgs]

[FHMV95]

[FPSS96]

[FPSSU96]

[Gea94]

[Hod97]

[Kra97]

[Lew69)]

[Men87]

[MOY9]

[MS97]

[OSW87]

[PAM97]

[SSHY4]

E. H. Durfee. Coordination of Distributed Problem Solvers. Kluwer
Academic Publishers, Boston, MA, 1988.

R. Fagin, J. Y. Halpern, Y. Moses, and M. Y. Vardi. Reasoning About
Knowledge. The MIT Press, Cambridge, MA, 1995.

U. M. Fayyad, G. Piatetsky-Shapiro, and P. Smyth. From data mining
to knowledge discovery: An overview. In U. M. Fayyad, G. Piatetsky-
Shapiro, P. Smyth, and R. Uthurusamy, editors, Advances in Knowl-
edge Discovery and Data Mining, pages 1-34, Menlo Park, CA, 1996.
AAAT Press/The MIT Press.

U. M. Fayyad, G. Piatetsky-Shapiro, P. Smyth, and R. Uthurusamy,
editors. Advances in Knowledge Discovery and Data Mining, Menlo
Park, CA, 1996. AAAT Press/The MIT Press.

J. Geanakoplos. Common Knowledge. In R. J. Aumann and S. Hart,
editors, Handbook of Game Theory, volume II of Handbooks in Fco-
nomics, v. 11, pages 1437-1496. Elsevier Science B.V., 1994.

W. Hodges. A Shorter Model Theory. Cambridge University Press,
Cambridge, 1997.

S. Kraus. Negotiation and cooperation in multi-agent environments.
Artificial Intelligence, 94(1-2):79-97, 1997.

D. K. Lewis. Conventions. A Philosophical Study. Harvard University
Press, Cambridge, MA, 1969.

E. Mendelson. Introduction to Mathematical Logic, 3rd edition. The
Wadsworth & Brooks/Cole mathematics series. Wadsworth, Monterey,
CA, 1987.

F. Montagna and D. Osherson. Learning to coordinate: A recursion
theoretic perspective. Synthese, 118(3):363-382, 1999.

S. Morris and H. S. Shin. Approximate common knowledge and co-
ordination: Recent lessons from game theory. Journal of Logic, Lan-
guage, and Information, 6:171-190, 1997.

D. Osherson, M. Stob, and S. Weinstein. Social learning and collective
choice. Synthese, 70(3):319-347, 1987.

E. Plaza, J. L. Arcos, and F. Martin. Cooperative case-based rea-
soning. In G. WeiB), editor, Distributed Artificial Intelligence meets
Machine Learning, pages 180-201. Springer-Verlag LNAT 1221, 1997.

S. Sen, M. Sekaran, and J. Hale. Learning to coordinate without
sharing information. In Proceedings of the Twelfth National Conference
on Artificial Intelligence (AAAI-94), pages 426—431, Menlo Park, CA,
1994. AAAT Press.

20



[ST92a]

[ST92b]

[ST97]

[Wei93]

[WJ94]

[WJ95]

[WJ99]

Y. Shoham and M. Tennenholtz. Emergent conventions in multi-agents
systems: Initial experimental results and observations. In C. Rich,
W. Swartout, and B. Nebel, editors, Proceedings of the Third Inter-
national Conference on Principles of Knowledge Representation and
Reasoning (KR-91), pages 225-231, Cambridge, 1992.

Y. Shoham and M. Tennenholtz. On the synthesis of useful social
laws for artificial agent societies. In Proceedings of the Tenth National
Conference on Artificial Intelligence, pages 276281, San Jose, CA,
1992. AAAT Press.

Y. Shoham and M. Tennenholtz. On the emergence of social con-
ventions: modeling, analysis, and simulations. Artificial Intelligence,
94(1-2):139-166, 1997.

G. Wei8. Learning to coordinate actions in multi-agent systems. In
Ruzena Bajcsy, editor, Proceedings of the Thirteenth International
Joint Conference on Artificial Intelligence (IJCAI-93), pages 311-316,
San Mateo, CA, 1993. Morgan Kaufmann.

M. J. Wooldridge and N. R. Jennings. Formalizing the cooperative
problem solving process. In Proceedings of the Thirteenth Interna-
tional Workshop on Distributed Artificial Intelligence (IWDAI-9/),
pages 403-417, Lake Quinhalt, WA, 1994.

M. J. Wooldridge and N. R. Jennings. Agent theories, architectures,
and languages: A survey. In M. J. Wooldridge and N. R. Jennings, ed-
itors, Intelligent Agents, pages 1-39. Springer-Verlag LNAT 890, 1995.

M. J. Wooldridge and N. R.. Jennings. The cooperative problem-solving
process. Journal of Logic and Computation, 9(4):563-592, 1999.

21



